Whether coding or regulatory sequence change is more important to the evolution of phenotypic novelty is one of biology's major unresolved questions. The field of evo-devo has shown that in early development changes to regulatory regions are the dominant mode of genetic change, but whether this extends to the evolution of novel phenotypes in the adult organism is unclear. Here, we conduct ten RNA-Seq experiments across both novel and conserved tissues in the honey bee to determine to what extent postdevelopmental novelty is based on changes to the coding regions of genes. We make several discoveries. First, we show that with respect to novel physiological functions in the adult animal, positively selected tissue-specific genes of high expression underlie novelty by conferring specialized cellular functions. Such genes are often, but not always taxonomically restricted genes (TRGs). We further show that positively selected genes, whether TRGs or conserved genes, are the least connected genes within gene expression networks. Overall, this work suggests that the evo-devo paradigm is limited, and that the evolution of novelty, postdevelopment, follows additional rules. Specifically, evo-devo stresses that high network connectedness (repeated use of the same gene in many contexts) constrains coding sequence change as it would lead to negative pleiotropic effects. Here, we show that in the adult animal, the converse is true: Genes with low network connectedness (TRGs and tissue-specific conserved genes) underlie novel phenotypes by rapidly changing coding sequence to perform new-specialized functions.
Introduction
The genetic basis of phenotypic novelty is a major unresolved question in evolutionary biology Wray et al. 2003; Hahn et al. 2007; Arendt and Reznick 2008; Conant and Wolfe 2008; Stern and Orgogozo 2008) . Understanding the processes that give rise to major phenotypic shifts has also generated considerable disagreement (Hoekstra and Coyne 2007; Mitchell-Olds et al. 2007; Halligan et al. 2013; Parker et al. 2014) . Early work focused on the role played by coding sequence change underlying traits controlled by few genes (Daltry et al. 1996; Fry et al. 2003; Hoekstra 2006; Nadeau and Jiggins 2010) , whereas later work focused on the role played by gene duplication (Lynch and Conery 2000; Lynch and Conery 2003; Conant and Wolfe 2008) . The field of Evolutionary Developmental Biology (evo-devo) expanded our understanding of morphological innovation by highlighting the role played by regulatory shifts controlling the novel use of conserved genes during early development (Carroll 1995; Sucena and Stern 2000; Arthur 2002; Beldade et al. 2005; Toth and Robinson 2007; Wagner et al. 2007 ). More recently, work on taxonomically restricted genes (TRGs) has shifted attention to the role played by novel genes (Wilson et al. 2005 (Wilson et al. , 2007 Khalturin et al. 2009; Toll-Riera et al. 2009; Johnson and Tsutsui 2011; Tautz and Domazet-Loso 2011; Ranz and Parsch 2012; Reinhardt et al. 2013; Shigenobu and Stern 2013; Wissler et al. 2013; Sumner 2014; Zhao et al. 2014) . In general, a confounding issue is that multiple mechanisms can underlie phenotypic novelty in a nonmutually exclusive manner. A pressing concern is therefore to determine the respective genetic mechanisms that govern different evolutionary contexts of novelty.
The goal of the present study is to use the novel biology of honey bees to explore the role played by coding sequence change in the evolution of phenotypic novelty. Honey bees are an ideal model system for this question because they have evolved many novel traits for social functions missing from their solitary ancestors (Johnson and Linksvayer 2010) . The mandibular and Nasonov glands, for example, make pheromones important for social communication, whereas the hypopharyngeal glands (HPG) produce brood food for young bees (Ueno et al. 2009; Wegener et al. 2009; Johnson 2010) . These glands are either altogether missing in solitary bees or serve completely different purposes. Further, the honey bee has radically changed behavior relative to its use of some conserved structures. The sting gland produces venom which is specialized for defense against vertebrates (Owen and Pfaff 1995; King and Spangfort 2000) . Solitary bees, in contrast, defend against invertebrates. Honey bees also have highly derived social behaviors, exemplified by the waggle dance, which are encoded within the brain, and possibly the segmental ganglia (Brockmann and Robinson 2007) . In sum, there are a variety of tissues in the honey bee that can be used to explore the genetic and evolutionary history of novelty. Patterns of gene expression found in these novel tissues can be contrasted with patterns found in conserved tissues to demonstrate that certain mechanisms (e.g., expression of particular classes of genes) are limited to tissues involved in novel functions.
A second feature of honey bee biology making it an ideal model for the study of phenotypic novelty relates to its system of division of labor, which makes identifying genes important for social behavior quite straightforward. Honey bees pass through several developmental phases as adults (each called a temporal caste) in which they specialize (both behaviorally and physiologically) for particular roles in the nest. These include cell builders, nurses, food processors/ nest builders, and foragers (Seeley 1982; Johnson 2008; Johnson 2010) . Here, we focus on nurses and foragers as they are the most amenable to study (Page and Robinson 1991; Zayed and Robinson 2012) . Nurses and foragers have unique hormonal titers and it is known that the differences in behavior and physiology between them are the result of differences in the expression of many genes (Whitfield et al. 2003; Smith et al. 2008) . We focus on tissues that are all either known to change in function when a bee transitions from nursing to foraging, or can be predicted to change in function based on the strong nutritional and activity level changes that occur at this transition. Supplementary table S1, Supplementary Material online, shows the changes in function that occur in each tissue explored in this study. The novel tissues have already been discussed, but conserved tissues are used in differential social ways as well. The flight muscles are little used in nurses, but are used to an extent unique in the animal kingdom in the foragers (who have the highest metabolic rates recorded for any organism) (Williams et al. 2008) . The midgut also changes in function between nurses, who consume pollen to make brood food, and foragers who rely on nurse secretions as a protein source and do not digest pollen (Crailsheim 1991; Johnson 2010; Peters et al. 2010) .
In this study, we focus on the evolution of novel physiological functions in the adult organism, as evo-devo has primarily focused on morphological innovations generated during early development. Based on previous work, we suspected that TRGs may be critically important for generating novel social functions (Johnson and Tsutsui 2011) . A recent study also found that TRGs are important for fitness, as they are often positively selected (Harpur et al. 2014) . We began by identifying all contexts in which TRGs potentially play major roles. We define "major role" as a gene being in the top 1% of all genes in terms of expression, or being significantly differentially expressed between life-history stages or tissues. In general, by focusing on TRGs, the most radical cases of coding sequence change, we expect a conservative estimate of the importance of coding sequence change in the evolution of novelty. However, we expect these results on TRGs to be informative for the general roles played by coding sequence change, as we hypothesize the TRG patterns to simply be the most extreme cases of broadly important evolutionary processes involving coding regions. Next, we test two hypotheses we generate based on our study of TRGs. First, we test the hypothesis that physiological novelty is based primarily on rapid coding sequence change in key genes with specialized (tissue specific) roles. Second, we predict and show such genes to be extremely highly expressed and to have low gene network connectivity. In essence, we test the hypothesis that genes central to the evolution of novel adult physiological phenotypes are distal branches of gene networks rather than hubs and are hence free to evolve coding sequence changes as needed without incurring negative pleiotropic effects.
Results

Highly Expressed TRGs
To avoid analyzing TRGs that are spurious ORFs (DomazetLoso and Tautz 2003; Chen et al. 2013) , or simply genes of minor importance, we began by identifying and analyzing all those TRGs that are highly expressed in at least one of the ten tissues. Our hypothesis is that if TRGs are critical for novel functions, then highly expressed TRGs (HE-TRGs) should play a stronger role in tissues with novel functions relative to those with conserved functions. Figure 1 shows that this is the case. For each tissue, we plot the percentage of the top 1% of highly expressed genes (HEGs) that are conserved genes versus TRGs of various levels of restriction. We then plot the percentage of total expression in the top 1% that stems from each category. The categories of TRGs are Orphans, which are those found only in honey bee genome; arthropod, insect, hymenoptera, and bee, which are those found only in genomes of the taxonomic group, respectively; other TRG (abbreviated as O-TRG), which are those showing a complex presence/absence pattern; and conserved (see more details in Materials and Methods). For simple tissues with specialized functions such as the HPG and sting gland, the percentage of total expression stemming from TRGs was very high (490%) and was significantly biased with respect to the percentage of HEGs that fall into different TRG categories (chi square test: Sting gland up-regulated in nurses: 2 = 234.73, df = 1, P < 0.0001, sting gland up-regulated in foragers: 2 = 50.47, df = 1, P < 0.0001, HPG up-regulated in nurses: 2 = 175.0, df = 2, P < 0.0001, HPG up-regulated in foragers: 2 = 75.66, df = 1, P < 0.0001). For more complex tissues with novel functions such as the antenna, the Nasonov gland, and the mandibular gland, the same pattern holds (a statistically significant bias exists between percentage of HEGs that are TRGs and the percentage of total expression stemming from TRGs), but the bias is not so great and one out of six tests is only marginally significant (chi square test: Antenna up-regulated in nurses: 2 = 28.62, df = 2, P < 0.0001, antenna up-regulated in foragers: 2 = 32.20, df = 2, P < 0.0001; Nasonov gland up-regulated in nurses: 2 = 8.96, df = 2, P = 0.01, Nasonov gland up-regulated in foragers: 2 = 6.17, df = 2, P = 0.05, mandibular gland upregulated in nurses: 2 = 21.48, df = 1, P < 0.0001, mandibular gland up-regulated in foragers: 2 = 2.88, df = 1, P = 0.091). For highly conserved tissues (muscle, midgut, and malpighian tubules), in contrast, the percentage of transcripts from TRGs in the transcriptome equals the percentage of TRGs amongst HEGs (thoracic muscle up-regulated in nurses: 2 = 0.53, df = 1, P = 0.47, thoracic muscle up-regulated in foragers: 2 = 0.09, df = 1, P = 0.76, malpighian tubules up-regulated in nurses: 2 = 0.25, df = 1, P = 0.62, malpighian tubules up-regulated in foragers: 2 = 0.06, df = 1, P = 0.81, midgut up-regulated in nurses: 2 = 4.61, df = 2, P < 0.10, midgut up-regulated in foragers: 2 = 11.48, df = 2, P < 0.0001). Hence, TRG expression is not biased with respect to frequency in conserved tissues and TRGs do not appear to be disproportionately important to the function of conserved tissues (with one exception: The midgut in foragers in which there is a bias). Nervous tissue (brain and segmental ganglia) showed patterns similar to other conserved tissues, in that TRGs played a small role and were not biased in expression (chi square test: Brain up-regulated in nurses: 2 = 1.16, df = 3, P =0.77, brain up-regulated in foragers: 2 = 0.86, df = 2, P = 0.65, ganglion up-regulated in nurses: 2 = 2.80, df = 2, P = 0.25, ganglion up-regulated in foragers: 2 = 2.48, df = 2, P = 0.29 
DE-TRGs: Adult Social Function
To identify genes involved in adult social functions, we identified genes differentially expressed between nurses and foragers (for each tissue). A large body of work has used this approach to identify genes underlying social behavior in the brain Zayed and Robinson 2012) , and we extend this approach to the whole body. Although TRGs make up a minority of genes in the top 1% of expression in all tissues, in tissues with novel functions they account for a majority of expression. Tissues in the A column are those for which a statistically significant bias in expression of TRGs exists, whereas tissues in the B column do not show bias in expression with TRG status. Orphans are genes found only in Apis mellifera. Bee, insect, hymenoptera, and arthropod refer to TRG classes in which a gene is found only within this taxonomic group, whereas the O-TRG category refers to genes with a complex but highly restricted pattern of presence and absence in different clades. Conserved genes are genes not in any of the TRG categories (hence, widely found across organisms).
supplementary table S4, Supplementary Material online). For novel tissues, expression is strongly biased toward DE-TRGs (chi square test: Sting gland up-regulated in nurses: 2 = 6,576.47, df = 2, P < 0.0001, sting gland upregulated in foragers: 2 = 247.84, df = 5, P < 0.0001, HPG up-regulated in nurses: 2 = 3,564.32, df = 2, P < 0.0001, HPG up-regulated in foragers: 2 = 3,423.57, df = 2, P < 0.0001, Nasonov gland up-regulated in nurses: 2 = 112.17, df = 4, P < 0.0001, Nasonov gland up-regulated in foragers: 2 = 143.26, df = 5, P < 0.0001, mandibular gland up-regulated in nurses: 2 = 646.48, df = 5, P < 0.0001, mandibular gland up-regulated in foragers: 2 = 347.61, df = 5, P < 0.0001). As for HEGs, TRGs that are differentially expressed represent a much higher fraction of expression than would be expected based on their frequency. Essentially, the same TRGs found to be important in the analysis of HEGs are identified when searching for DE-TRGs in these tissues. These genes include those that encode venoms in the sting gland, royal jelly proteins in the HPG, and cuticle proteins in several tissues, to name a few characterized examples.
For conserved tissues, most of the comparisons of gene frequency to expression frequency also showed significant bias in the contribution of different taxonomic classes of genes to total expression (thoracic muscle up-regulated in nurses: 2 = 156.67, df = 5, P < 0.0001, thoracic muscle up-regulated in foragers: 2 = 500.14, df = 5, P < 0.0001, malpighian tubules up-regulated in nurses: 2 = 371.61, df = 5, P < 0.0001, malpighian tubules up-regulated in foragers: 2 = 155.22, df = 4, P < 0.0001, midgut up-regulated in nurses: 2 = 34.05, df = 2, P < 0.0001, midgut up-regulated in foragers: 2 = 10.65, NOTE.-", refers to genes up-regulated in either nurses or foragers; %, genes refers to the percentage of DEGs in each taxonomic category, whereas % exp. refers to the total expression of genes in each taxonomic category. df = 3, P = 0.01, ganglion up-regulated in nurses: 2 = 5.85, df = 4, P = 0.21, ganglion up-regulated in foragers: 2 = 57.60, df = 3, P < 0.0001). Hence, DE-TRGs in some cases also contribute to social functions in more conserved tissues. However, the results are nevertheless distinct from those with the more derived glandular tissues. Supplementary figure S1 , Supplementary Material online, shows the results just for conserved genes in terms of their frequency amongst all DEGs and in their contribution to total expression from all DEGs. For three out of four of the glandular tissues, there is sharp bias between conserved genes in terms of frequency and expression, with much less expression than would be expected. For the more conserved tissues, however, there is not such a sharp drop, and some tissues show a positive bias in expression from conserved genes (statistics in supplementary information, Supplementary Material online). Hence, for the conserved tissues, there is still a much stronger contribution from conserved genes relative to TRGs than is the case for the more novel tissues. Brain and antennal comparisons between nurses and foragers produced relatively few DEGs (of any taxonomic class) and were excluded from the analysis.
DE-TRGs between Tissues
Our experimental design also allowed us to identify genes conferring tissue-specific functions by making comparisons between tissues (e.g., antenna to midgut). We made all 45 possible comparisons within the nurse bee samples to identify DEGs that confer tissue-specific functions. TRGs represent the most extreme form of coding sequence evolution (as they are completely unique coding sequences), yet there is no reason to suspect that their patterns of expression should not be informative for the role played by coding sequence change in general. Table 2 shows all TRGs identified in this study that are both extremely highly expressed (using the modENCODE definition of RPKM 4 1,000) and are of known function. These genes should provide a clue as to where coding sequence change is most pronounced in evolution (if TRGs are merely extreme cases of general patterns). The TRGs in are produced by many tissues, but are secreted into the hemolymph to fight pathogens (Bulet et al. 1999; Evans et al. 2006) . The cuticle proteins are secreted for use in forming the exoskeleton (Andersen et al. 1995; Kucharski et al. 2007 ).
Many, but not all, odorant-binding proteins and chemosensory proteins are also secreted in order to facilitate molecular transport (reviewed in Leal 2013) . Because proteins in all of these classes are secreted (and then function in a relatively independent manner; that is, they are not part of protein complexes or complex signal transduction pathways); they are amongst the most downstream of genes. Hence, they are likely not hubs that would be expected to be used repeatedly in many functionally distinct contexts. The evo-devo paradigm of needing to avoid negative pleiotropic effects resulting from strong coding sequence change in gene network hubs would therefore not apply to such genes Wagner et al. 2007; Carroll 2008; Stern and Orgogozo 2008) . A series of testable hypotheses and predictions that should extend beyond TRGs to all genes can be produced based on the preceding argument made in reference to table 2. First, novel tissues (and specialized tissues in general) should function such that the highest expressed genes represent the majority of overall expression (including all genes, not just the highest 1% of expressed genes as in the previous analyses in this study). Further, strength of selection on the genes with the highest expression should be higher than on the genes with lower expression. In other words, cells have to divide their efforts between housekeeping and specialized functions related to their differentiated role in the organism. For many tissues, this balance should be far from parity such that cells exert most of their effort on tissue-specific functions. Should this be true, then when cells change in function, it should be a minority of HEGs that change coding sequences as they provide most of the specialized function. Figure 3 shows that genes in the top 1% in terms of expression do in fact make up a strongly disproportionate fraction of total expression in many tissues (and the majority of expression in half the tissues). Nervous tissue is an interesting outlier that we will return to in the discussion section. Figure 4 further shows that for four of the tissues (antenna, midgut, HPG, and ganglia) genes in the top 1% of expression have a higher probability of being positively selected relative to genes in the lower 99% of expression. We show this by determining the percentage of genes in each category (top 1% or bottom 99% in terms of expression) that are experiencing positive selection based on a recent population genomic study using the McDonald-Kreitman (MK) test (Harpur et al. 2014) . Interestingly, the midgut is the tissue in which the highest percentage of genes in the top 1% of expression are positively selected. The midgut is not a place of strong novel function; however, it is a place in which conserved genes with the properties of the TRGs in table 2 dominate in overall function. Digestive enzymes are secreted proteins that can sometimes work independently of other genes (Terra and Ferreira 1994) . The midgut is also a tissue which is known to be experiencing positive selection in honey bees, as bees eat a novel substance (bee bread produced from pollen with the addition of microbes and likely other bee derived enzymes) (Woodard et al. 2011) . Hence, the predictions stemming from TRGs extend to conserved genes with the same properties (secreted proteins that operate in a somewhat mechanistically independent manner). The sting gland does not show this pattern, but as the most HEGs are Orphans in this tissue, this still supports our basic hypothesis, which is that the highest 1% of genes in terms of expression are genes with novel or positively selected coding sequence. The Nasonov and mandibular glands were not significant for this effect, but the data trended in this direction. In general, these two tissues, which produce social pheromones (and not simple protein products), are not as simple in function as some of the other novel tissues.
A second major prediction stemming from table 2 is that genes that show tissue-specific expression (and are hence likely not used repeatedly) should be the most likely to be positively selected. Figure 5 shows that this is the case. Genes expressed in fewer tissues have a higher probability of being positively selected for all tissues with the exception of the thoracic muscles and the brain ( 2 test: df = 9: Nasonov gland: P < 0.0001; malpighian tubules: P = 0.003; HPG: P < 0.0001; sting gland: P < 0.0001; antenna: P < 0.0001; midgut: P < 0.0001; mandibular gland: P = 0.02; ganglia: P = 0.32; muscle: P = 0.67; brain: P = 0.85). The pattern is particularly strong in the glands with novel social communication functions (the Nasonov and mandibular glands). The pattern is also evident in the tissues with the most novel functions, the sting gland and HPG, but is surprisingly weaker. There is a simple explanation for this exception, however, given that the highest expressed genes in the sting gland are strongly biased toward Orphans, and Orphans (and other narrowly restricted TRGs) cannot be tested for rates of positive selection across long time scales as they have few to no homologs. Essentially, although the Orphans and narrowly restricted TRGs of the HPG and sting gland may not show strong selection within the genus Apis, they are strikingly novel sequences when compared over longer taxonomic scales.
For the HPG, the highest proportion of positively selected genes by the MK test was seen for genes that are expressed in four to five tissues. This likely represents a problem of contamination leading to an overestimate of the number of tissues where key genes are expressed, as the positively selected genes (genes encoding the royal jelly proteins) are produced at such high levels and in such a large filamentous structure that contamination from this gland occurs in all other tissues taken from the head capsule (Whitfield et al. 2002) . This problem has been long known (Whitfield et al. 2002) and hence, it is likely that the number of tissues for which the royal jelly proteins are expressed should be lowered by two (as expression in the brain and mandibular gland likely represents contamination from the HPG).
The final major prediction regarding our hypothesis for the evolution of novelty in adult organisms is that connectedness within a gene network should predict both probability of being a TRG and being positively selected. To test these predictions, we estimated the network connectedness of each gene based on coexpression patterns across all samples in our data set (Langfelder and Horvath 2008) . As expected, total connectivity in transcriptional networks depended on TRG category (Mood median test: 2 = 54.25, df = 6, P < 0.001), with the most restricted groups generally having lower connectivity than conserved genes ( fig. 6A ; statistical details in supplementary information, Supplementary Material online). The same general pattern was also true for those genes showing evidence of positive selection (Mood median Test: 2 = 13.61, df = 5, P = 0.018; fig. 6B ). The genes in table 2 have a connectivity level consistent with that found for other highly restricted genes (mean = 30.03, s.d. = 19.49). There was no difference in gene connectivity depending on whether genes had been identified as being in the class of positively selected genes, but there was a trend in that direction (Mann-Whitney U: Positively selected genes: N = 744, median = 32.7, nonpositively selected genes: N = 7,389, median = 32.7, P = 0.06). Among the class of positively selected genes, the selection coefficient and connectivity were negatively correlated (Spearman's rank correlation rho = À0.106, P = 0.00394), indicating that less highly connected genes experience elevated rates of molecular evolution. All connectivity values, along with whether a gene is positively selected in Apis are in supplementary table S5, Supplementary Material online.
Discussion
This study makes a number of important discoveries regarding the genetic mechanisms underlying the evolution of novelty. Previous work has also shown that novel genes are associated with novel tissues (Neme and Tautz 2013; Genes expressed in fewer tissues have a higher probability of being positively selected for 8 out of 10 tissues. Reinhardt et al. 2013; Shigenobu and Stern 2013; Light et al. 2014; Zhao et al. 2014) . However, earlier studies focused on single cases of novelty, whereas the present study focuses on a species for which multiple case histories of the evolution of novelty can be contrasted with evolution for more moderate levels of change in conserved tissues. Because of this, first, we were able to show that TRGs are strongly associated with novel functions and tissues, but much less so with conserved tissues and functions. Second, we show that the function of cells having undergone cell line differentiation into specialized tissues is associated with extremely high expression of genes conferring tissue-specific functions. Essentially, more effort often goes into specialized functions rather than housekeeping functions in cells in the adult organism. We find that genes conferring specialized functions are often TRGs or conserved genes with high rates of coding sequence change. Hence, the evolution of novelty postdevelopment is strongly associated with coding sequence change either in the form of novel genes or positive selection in the coding regions of conserved genes. Finally, we show that genes with more tissue-specific expression have higher probabilities of being under positive selection than genes with expression across many tissues. As tissue-specific genes are not repeatedly used, they likely represent the most distal branches of gene networks. As such, changes to their coding sequence (and even their complete loss or gain) would not incur strong pleiotropic changes to other unrelated systems ). Our demonstration that connectedness within a gene network is associated with the probability of a gene being positively selected further supports this argument. Both of these results (tissue-specific genes being positively selected and connectedness being associated with the probability of being positively selected) further support our hypothesis that the evolution of novelty is associated with changes to the coding sequence of genes that facilitate the specialized roles of cells post cell line differentiation. The evo-devo toolkit model posits that although key genes change function, they do so via changes in their regulation, not in their coding sequence Carroll 2008; Stern and Orgogozo 2008) . This is because changes to the coding sequence caused by selection in one context would likely cause strongly negative pleiotropic effects in those other contexts in which the gene is used. It is likely that this paradigm extends to the novel phenotypes studied here in part. This is because the transcription factors that control the expression of HEGs conferring tissue-specific functions likely obey these rules. Essentially, it is probable that many transcription factors have taken on new roles controlling gene expression in the novel tissues and they have done so via changes to their regulatory rather than their coding sequence. This hypothesis, of course, will require future experimental testing. However, it suggests that the model proposed in this study based on coding sequence change to HEGs conferring specialized functions and the classic evo-devo model of changes to regulatory genes are complementary mechanisms for how novelty evolves postdevelopment. In short, after development the cells in an organism specialize via epigenetic reprogramming to play a variety of limited roles. As we show, these specialized and limited roles are the result of massive levels of expression of a relatively small number of genes that confer tissue-specific functions. We show that such genes have coding sequences that can change radically in response to selection for novel functions. However, the regulatory genes upstream from these HEGs conferring specialized functions are repeatedly used throughout the different tissues of the adult organism, and even earlier in development. They may take on their new regulatory roles for physiological novelty in the adult animal via the classic evo-devo paradigm in that their coding sequence does not changes, but new regulatory elements evolve to facilitate their new roles. This is a speculative conceptual framework for how the work conducted here might interact with earlier work in evo-devo and it awaits experimental verification.
In this study, we used the expression patterns of TRGs in order to explore the role of coding sequence change in general in the evolution of novelty. This approach differs from the norm, in that most studies assume the generation of novel genes and coding sequence change in conserved genes to be separate phenomena. Our data suggest a simpler hypothesis. It is possible that coding sequence change can be so strong in tissues selected for novel functions that conserved genes at distal points in gene networks diverge so much that they lose all resemblance to their homologs and become TRGs (Neme and Tautz 2013) . This conceptual framework would provide an explanation for why patterns of TRG expression should be informative for the general nature of coding sequence change. Conery (2000, 2003) stressed the role played by gene duplication in the formation of new genes for new purposes. This idea has since been strongly supported by many studies (Zhang 2003; Taylor and Raes 2004; Ding et al. 2012; Kondrashov 2012 ). More recent studies have shown how novel genes can arise de novo from previously noncoding sequence or from noncoding functional RNA (Toll-Riera et al. 2009; Zhao et al. 2014) . In this study, our focus was on the roles played by novel genes and not on their origin. However, it is worth noting that many of the key genes on which we focus (genes encoding odorant binding proteins in the antenna, various digestive enzymes in the midgut, and the royal jelly proteins in the HPG) are the result of gene duplications leading to large gene families with novel functions for different paralogs. This would support an important role for gene duplications in the evolution of novel genes for new functions. However, several of the genes we identify encode very small uncharacterized proteins that are not part of large gene families and likely arose via de novo processes. This would support a role for de novo gene formation leading to important new genes. Perhaps the simplest interpretation of these data is that evolution may be opportunistic and depend on gene duplications in some cases and de novo formation in others, but the end result is the same in that new genes for new functions emerge.
The nervous tissues studied here, the brain and the second thoracic segmental ganglion, did not obey the conceptual model proposed in which distal branches of gene networks are key to specialized functions postdevelopment. This is a case of the exception proving the rule. For behavior, novel function is not the result of key genes with high expression conferring specialized tissue-specific functions. In contrast, novel behavior is the result of the rearrangement of nerve cells into new circuits (Yao and Shafer 2014) . In this context, the evo-devo paradigm does hold as the same genes (underlying neurotransmitter function and nerve cell growth) are reused to create novel nervous system modules (Winslow et al. 1993; Insel et al. 1994; Carter et al. 1995; Fitzpatrick et al. 2005; Turner et al. 2010) . Changes to the regulatory elements controlling the expression of these nervous system building blocks would be expected to be the loci of evolutionary change (Harpur et al. 2014) .
In summary, the adult animal is likely a hodgepodge of qualitatively different tissue types that have specialized behavior encoded by different evolutionary genetic mechanisms. Tissues such as the digestive tract, most glands, and the antenna are highly specialized such that a relatively small number of key genes (that are often TRGs or rapidly evolving) make up most expression and contribute disproportionately to novel function, whereas tissues such as the brain are characterized by more complex transcriptomes in which many highly conserved genes are differentially regulated to create novelty. Further, when other adult phenotypes such as the immune system, the endocrine system, and various sensory systems are examined, it is likely that some may make use of still other mechanisms for the evolution of novelty. Hence, the conceptual framework emphasized by evo-devo can be seen as a special case in which selection operates on gene networks in which a variety of topological features (relating to location in a gene network (upstream or downstream) and redundancy of function with close paralogs) can determine overall cellular and tissue function.
Materials and Methods
Colonies and Collection Methods
Honey bees were kept in apiaries at the Laidlaw beekeeping facility at UC Davis. Bees were managed according to standard beekeeping practices. Three full size (two stories) colonies were used in the study. All colonies were healthy and populous at the time of collection. All collections were made in August-September of 2012. Nurse bees were identified by observing bees with their head in a larval cell for at least 3 s, whereas foragers were collected at the entrance with pollen on their legs. All bees were collected onto dry ice for transport to the lab where they were stored at À80 C until use.
Dissection, Extractions, and Sequencing
Bees were removed from the freezer and immediately dissected in 60% ethanol over dry ice. Each tissue was dissected within 5 min of thawing and was immediately homogenized in Trizol. Tissue from 5 to 20 individuals (depending on the size of the structure) was pooled for each biological replicate. Three biological replicates were produced for each tissue for both castes (nurses and foragers).
RNA was confirmed to be of high quality with the Nanodrop 1000 and Bioanalyzer 2100. Libraries were made with the NEBNext Illumina RNA-Seq library kit according to the manufacturer's instructions. Sequencing was performed on the HiSeq 2000 (100 bp paired end). The raw data are available at the NCBI SRA archive (SRP027395, SRP020361, SRP041189). The number of reads produced for each replicate in each tissue is given in supplementary table S6, Supplementary Material online.
RNA-Seq Analyses
Initial quality control was conducted with the fastx toolkit and the cutadapt software packages. Reads with average quality scores less than 25 were removed, and the ends of reads were clipped such that the mean quality of the last five bases was greater than 25. Illumina adapter contamination was also removed. Tophat (v2.04), with bowtie2, and default parameters were used for alignment of reads to the most recent build (4.5) of the Apis mellifera genome (Elsik et al. 2014) . We used the HTSeq package (with default parameters) to generate counts of reads aligning to each gene (with intersection union setting). EdgeR was used to call DEGs with default parameters and tag-wise dispersion option (with false discovery rate < 0.05).
Determination of TRG Status
We used the same approach we used in a previous study (Johnson and Tsutsui 2011) to identify TRGs. Essentially, A. mellifera genes without a blast hit in another genome at an E value of less than 10 -4 were considered to not be present in that genome (Domazet-Loso and Tautz 2003; Zhang et al. 2007; Toll-Riera et al. 2009b) . We used the list of all mRNA transcripts in the most recent NCBI honey bee genome build (4.5) as our set of honey bee genes and blasted (with BLASTx) each transcript against all the proteins available in 71 published genomes. These genomes covered a wide taxonomic range given in supplementary table S7, Supplementary Material online. From each set of blasts, we acquired a list of species that contain or are missing each honey bee transcript. We then made a MySQL database from which we identified genes falling into several TRG classes. Orphans were genes found only in A. mellifera. Bee-specific genes were found in at least one other species of bee but nowhere else. Hymenoptera genes were found in at least one other hymenopteran but nowhere else. Insectspecific genes were found in Hymenoptera and at least one other clade of insects, but nowhere else. Arthropod-specific genes were found in at least one of the arthropod genomes examined but not anywhere else. The class O-TRG was used for genes that were clearly restricted, but which had a complex pattern of restriction. O-TRGs range from genes that were found in only one other genome (but not a closely related species to honey bees) to genes that occurred in less than 50% of the major taxonomic groups we canvassed (arthropods, annelids, platyhelminthes, nematodes, porifera, cnidaria, echinoderms, mollusks, primitive chordates, vertebrates, all plants, all fungi, all protists, and all bacteria). Conserved genes were all genes not falling into any of the TRG categories.
Our main goal in identifying TRGs was not to definitively label particular genes as Orphans, or hymenopteran specific, for example, as this depends on the actively growing database of available genomes. As new genomes are sequenced, new homologs of many genes are found to be present but rare in various taxonomic groups. Our categories of TRGs are rather meant to reflect increasing levels of taxonomic restriction. Given the large number of genomes we included in our analysis, the Orphans we identify can be reliably considered to be more restricted than hymenoptera genes, which are more restricted than the insect-specific genes and so forth, even they are not true Orphans, for example.
Determination of Tissue Specificity
To explore tissue specificity of gene expression, we focused on genes that are at least moderately expressed (RPKM 4 25). We first identified all genes in each tissue with average RPKM values (across the three replicates) greater than 25. We then determined in how many other tissues each gene in the focal tissue showed at least moderate expression. We thus obtained for each tissue a data set of how many other tissues each gene expressed in that tissue was expressed. This ranged from genes only expressed in the focal tissue, to genes expressed in all tissues. We focused on genes of at least moderate expression because we are primarily interested in HEGs and genes of very high expression in one tissue that are only lowly expressed in another tissue are candidates for being false positives for expression in the second tissue. Several venom genes, for example, which show extremely high expression in the sting gland, are also lowly expressed in the gut and the Nasonov gland (the gut and Nasonov gland are anatomically very close to the sting gland). It is more likely that contamination during dissection causes the low levels of expression in the neighboring structures then actual expression because the venom genes are so specialized in function. Similar problems have been noted in the past with respect to the HPG and the brain (Whitfield et al. 2002) .
Rates of Molecular Evolution
A recently published population genomic study has estimated population size-adjusted selection coefficients for all A. mellifera genes, by comparing sequence divergence between A. mellifera and A. cerana to segregating variation within an A. mellifera population, using the MK test (Harpur et al. 2014 ).
We use the list of genes identified as having experienced positive selection for the testing of many hypotheses in this article. This list is binary such that genes are categorized as being either positively selected or not positively selected. Hence, our analyses focus on the frequency of each class (high or low levels of positively selected genes) between lists of genes identified in different contexts (e.g., genes that show tissuespecific expression vs. genes expressed everywhere).
Gene Network Connectivity
We hypothesized that TRGs associated with novel functions were located more peripherally within transcriptional networks relative to more highly conserved genes. We used the Weighted Gene Coexpression Network Analysis in R package to identify modules of genes which displayed similar patterns of coexpression (Langfelder and Horvath 2008) . We used default settings together with an empirically estimated soft threshold of eight, which corresponded to the asymptote for scale free topology model fit and mean connectivity (supplementary fig. S2 , Supplementary Material online). Subsequently, for each gene we estimated the withinmodule and total connectivity, which is meant to reflect the number of genes with which a focal gene interacts within a gene regulatory network.
Supplementary Material
Supplementary information, tables S1-S7, and figures S1 and S2 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
